The geographic origin and migration of the brown rat (Rattus norvegicus) remain subjects of considerable debate. In this study, we sequenced whole genomes of 110 wild brown rats with a diverse world-wide representation. We reveal that brown rats migrated out of southern East Asia, rather than northern Asia as formerly suggested, into the Middle East and then to Europe and Africa, thousands of years ago. Comparison of genomes from different geographical populations reveals that many genes involved in the immune system experienced positive selection in the wild brown rat.
Introduction
A detailed understanding of the geographic origin of wild rodents and their subsequent dispersal routes across the globe has important implications in clarifying the spread of diseases and human migration (Matisoo-Smith and Robins 2004; Lin et al. 2012) . For example, investigation on mtDNA phylogenies of the Pacific rat (Rattus exulans) recapitulated origins and dispersal of the Pacific people (Matisoo-Smith and Robins 2004) . Study of mtDNA indicated that the house mice (Mus musculus domesticus) were a valuable proxy for Viking movements (Searle et al. 2009 ). Phylogeographical analysis on black rats (R. rattus) in the western Indian Ocean demonstrated that the history of black rats was correlated with human colonization history (Tollenaere et al. 2010) .
The brown rat (R. norvegicus), one of the most common commensal rats, draws substantial public health interest, acting as a reservoir for a number of zoonotic pathogens such as Hantavirus, and disseminating many diseases (Meerburg et al. 2009; Kosoy et al. 2015) . It is well-recognized that the brown rat spread out of Asia to Europe (Silver 1941; Southern 1964; Freye and Thenius 1968; Amori and Cristaldi 1999; Kosoy et al. 2015) . This conclusion is supported by historical records (Suckow et al. 2006 ) and genetic evidences from mitochondrial and nuclear markers (Song et al. 2014; Puckett et al. 2016) . However, until now, a detailed geographic origin and the dispersal routes of brown rats from Asia to Europe have remained subjects of extensive speculation. Based on historical records, it is opined that brown rats originated in Northeast China and Southeast Siberia (Wilson and Reeder 2005; Ness et al. 2012; Kosoy et al. 2015) , and then dispersed westward through the Eurasian steppes into Europe (Barnett 2002; Gibbs et al. 2004 ). However, the earliest fossils of the species were found in today's southern China (Wu and Wang 2012) , indicating a potential southern origin of brown rats.
Likewise, dating the arrival of brown rats into Europe/ Africa remains elusive. Some historical records indicate that brown rats appeared in Europe during the Medieval Ages and became widespread during the Industrial Revolution (Amori and Cristaldi 1999) . Suckow et al. (2006) suggested arrival dates for the rats in Ireland, England, France, Germany, and Spain to be 1722, 1730, 1735, 1750 , and 1800AD, respectively. However, additional evidence suggests that brown rats might have been present in Europe as early as 1553AD (Freye and Thenius 1968) , and got introduced into North America by 1750s (Armitage 1993) .
In this study, we sequenced whole genomes of 110 wild brown rats drawn from diverse geographic locations and reveal that brown rats migrated out of southern East Asia, rather than northern Asia as formerly suggested, into the Middle East and then to Europe and Africa. During the migration, several adaptations for immune protection were developed.
Results and Discussion
Genome-Scale Sequencing of Wild Brown Rats Drawn from across the World
In the present study, to systematically explore the geographic origin and dispersal routes of the brown rat, a total of 117 Rattus norvegicus samples with a global representation and 1 black rat (R. rattus) were collected for genome sequencing. The species status of these R. norvegicus was initially determined by morphology and further confirmed based on cytochrome b (cytb) sequences by Sanger sequencing. Additional exploratory data analysis based on whole genomes found that the species status of seven individuals was ambiguous, as they displayed a closer relationship with the black rat, which might be attributable to genetic introgression between different species (Teng et al. 2017) . These seven individuals, along with the black rat were treated as outgroup. Finally, whole genome sequences of 110 brown rats from southern East Asia (including Southeast Asia and southern China, n ¼ 31), northern East Asia (including northern China and Russia, n ¼ 20), Middle East (n ¼ 12), Europe (n ¼ 26), and Africa (n ¼ 21), as well as the eight outgroup rats were generated to investigate the geographic origin of the brown rat (supplementary fig. S1 and table S1, Supplementary Material online). From the whole genome sequences, we annotated and filtered SNPs using Genome Analysis Toolkit (GATK) (McKenna et al. 2010) . Following a stringent quality control, a total of 24,977,888 autosomal SNPs were obtained for the subsequent population genetic analyses.
Population Structure and Genetic Relationships among Rat Populations
To identify population structure and the genetic relationship of different rat populations, we first performed a series of classical analyses including phylogenetic assessments ( fig. 1A and supplementary figs. S2-S5, Supplementary Material online), principal components analysis (PCA) ( fig. 1B) , and Bayesian clustering analysis by ADMIXTURE ( fig. 1A and supplementary fig. S6 , Supplementary Material online), using autosomal SNPs. The ADMIXTURE analysis suggested that the brown rat could be separated into East Asia and non-East Asia populations when the number of presumed ancestral population (K) is 2. East Asia individuals could further be grouped into southern East Asia and northern East Asia populations when K ¼ 4 ( fig. 1A) . A good correspondence was found with results from the reconstructed phylogenetic trees ( fig. 1A ) and PCA ( fig. 1B) , when the East Asian rats were categorized into southern East Asia and northern East Asia populations. The grouping also fits well with the geographical distribution of samples ( fig. 1C) . However, when we defined more subpopulations, for example, where southern East Asian rats are further grouped into southern China and Southeast Asia, or northern East Asian rats are subdivided into northern China and northern Asia, the three classical methods gave inconsistent assignments. Therefore, we grouped East Asian individuals into two populations, that is, southern East Asia and northern East Asia.
We then assessed whether rats from Europe/Africa/Middle East were closer to rats from southern East Asia or northern East Asia. From the phylogenetic trees ( fig. 1A and (Alexander et al. 2009 ) showed synonymic findings to the phylogenetic analyses, indicating a closer ancestral background between the Europe/Africa/ Middle East rats and the southern East Asia rats, rather than with northern East Asia population ( fig. 1A and B and supplementary fig. S6 , Supplementary Material online). We additionally calculated an "outgroup f3-statistic" (Patterson et al. 2012; Raghavan et al. 2014 ) and the result was consistent with above results ( fig. 1D and supplementary fig. S7 , Supplementary Material online). Following (Vonholdt et al. 2010) , we assessed the proportion of haplotypes of each nonEast Asian population, that is, rats from Middle East, Europe, and Africa, shared with southern East Asia and northern East Asian rats in 20-kb nonoverlapping windows. This analysis revealed that haplotype sharing was consistently higher between non-East Asia and southern East Asia rats than with those from northern East Asia (supplementary fig. S8 , Supplementary Material online).
Southern East Asia Origin of Wild Brown Rats
In contrast the previous hypothesis that the wild brown rat dispersed from northern Asia to Europe (Barnett 2002; Gibbs et al. 2004 ), all the above findings support the alternative hypothesis that wild brown rats might have dispersed from southern East Asia to Europe/Africa/Middle East. However, these classical analyses might be confounded by many factors which may weaken their support for population history inference. For example, PCA can be influenced by technical sources of variation and complex demographic histories where interpretation of the directions of highest variability may be counterintuitive. Mismatches between projections onto PC space and geographical distribution of individuals under models of isolation by distance are common (Schraiber and Akey 2015) . In addition, if substantial variations have occurred in the demographic history of different populations, particularly involving admixture among geographical regions, reconstructed relationships deduced by the above methods may not directly reflect the true history (Vonholdt et al. 2010) . It is necessary to simulate and detect other hypotheses representing different demographic histories.
Therefore, to test the scenario of southern East Asia dispersal of wild brown rats into Europe/Africa/Middle East, we compared it with the alternative out of northern East Asia demographic models (supplementary fig. S9 , Supplementary Material online). In the alternative models, wild brown rats migrated out of northern East Asia through different routes to colonize non-Asian regions, in line with the previous hypothesis of an out of northern Asia dispersal into Europe (Barnett 2002; Gibbs et al. 2004 ). These models were evaluated by a well-established maximum likelihood (ML) method based on joint site frequency spectrum (SFS) ( Out of Southern East Asia of the Brown Rat Revealed . doi:10.1093/molbev/msx276 MBE criterion (Akaike 1974) , these alternative models displayed a poor fit compared with the out of southern East Asia model (supplementary table S2, Supplementary Material online), corroborating that Europe/Africa/Middle East rats originated from southern East Asia.
After clarifying that Europe/Africa/Middle East rats originated from southern East Asia, we further explored plausible relationship between northern East Asia and southern East Asia. In the phylogenetic trees ( fig. 1A ), the northern East Asian population appears closer to the outgroup than to the southern East Asia population. It could be intuitively plausible that brown rats migrated from northern East Asia to southern East Asia. However, conditional on the out of southern East Asia, we simulated the phylogenetic tree and regenerated the pattern in which the northern East Asia population is closer to the root (supplementary fig. S10 , Supplementary Material online). As an alert signal, unlike the observed case in human populations (Cann et al. 1987 ), a closer distance to the root cannot lead the intuitive conclusion of northern East Asia origin. Therefore, we further constructed and detected plausible demographic scenarios between the two hypothetical ancestral populations (i.e., northern East Asia and southern East Asia) by the program fastsimcoal2 (supplementary fig. S11 , Supplementary Material online). We compared two mutually exclusive founder-effect dispersal models (supplementary fig. S11A fig. S13 , Supplementary Material online). All these findings point toward the likelihood of southern East Asia as the cradle of wild brown rats. In this case, the rats migrated from southern East Asia to northern East Asia, which is consistent with previous fossil records (Wu and Wang 2012 ) and a previous study on mitochondrial DNA (Song et al. 2014 ).
Dating Two Migration Waves Out of Southern East Asia
We then dated the dispersal history of wild brown rats out of southern East Asia, using an Ancestral-to-Derived Hierarchical demographic search strategy to reduce the number of models (supplementary materials and methods, supplementary figs. S14-S18 and tables S5-S10, Supplementary Material online). By assuming that the newly established derived population does not affect the demography of the ancestral population, we dramatically reduced the number of models that we had to evaluate (27 vs. 4,375). Our analysis estimated that wild brown rats migrated from southern East Asia to northern East Asia $173,700 years ago (95% CI: 146,000-750,000, fig. 2 ), whereas wild brown rats spread from southern East Asia to the Middle East $3,100 years ago (95% CI: 3,000-4,800), to Africa $2,000 (95% CI: 1,900-3,400) years ago, and to Europe $1,800 (95% CI: 1,700-2,900) years ago ( fig. 2 and (Deinum et al. 2015) and a divergence time of 22.6 Ma between rat and mouse (Hedges et al. 2006 (Hedges et al. , 2015 Kumar and Hedges 2011) . We also performed robustness analyses by assuming three generations per year for rat (Anderson and Jones 1967) , 15 or 30 My divergence time between rat and mouse, and different population assignment criteria (supplementary materials and methods, Supplementary Material online). The re-estimated introduction times generally agreed with the results obtained above (supplementary fig. S19 and tables S12 and S13, Supplementary Material online).
The estimated introduction times of brown rats to nonEast Asia are much older than historical reports which propose migrations in the 18th century (Freye and Thenius 1968) . However, it is undisputed that maritime trade has been in existence in the Indian Ocean and southern East Asia region for over 4,000 years (Forbes 1995; Miksic 2013) . These early human activities could have facilitated the migration and dispersal of brown rat from southern East Asia to other regions. Such kind of human assisted migration has widely been proposed for rodents. For example, the pacific rat (R. exulans) and the black rat (R. rattus) migrated out of southern East Asia to remote areas of Oceania and Madagascar, respectively, >3,000 years ago (Matisoo-Smith and Robins 2004; Tollenaere et al. 2010) , supporting the association between human adventures and the migration of rats. In clarifying the migration of brown rats, our study is definitely providing further highlights on the importance of rats as proxy for human events. Integration of multiple rodent species like mice, black rats, and brown rats, will be informative in clarifying the spread of rodent-related diseases and human migration.
It is important to point out that one caveat of our analyses is attributable to the relatively low coverage of genome sequencing, which would affect the SFS that the demographic inferences were based on (Nielsen et al. 2011 (Nielsen et al. , 2012 Han et al. 2015) , although we have used high-quality genotypes for analyses. In addition, sample size and distribution also have effect on genomic inference (Fumagalli 2013; Vieira et al. 2013 ). High-coverage genome sequences and large sample size will undoubtedly offer more precision and advance knowledge on the demographic history of brown rats.
Rapid Evolution of Immune Response Genes in Wild Brown Rat Populations
Wild rats have a puzzling ability to host several pathogens which can be transmitted to humans, often resulting in devastating diseases (Meerburg et al. 2009; Kosoy et al. 2015 ). An "arms-race" that drives rapid evolution of the immune system in a host (Van Valen 1973) might have endowed rats with this potential. We retrieved genes displaying significantly higher level of population differentiation (top 1%) between Zeng et al. . doi:10.1093/molbev/msx276 MBE European and Chinese wild brown rats to investigate whether genes involved in the immune system might have evolved rapidly under positive selection in wild brown rats during their dispersal. Gene enrichment analysis revealed a rapid evolution of genes in the immune system through overrepresentation of many immunological categories such as: "leukocyte mediated immunity," "response to bacterium," and "leukocyte mediated cytotoxicity" ( fig. 3A and supplementary table S14, Supplementary Material online). A comparison between African and Chinese rat genomes yielded a similar finding (supplementary table S15, Supplementary Material online). In particular, the gene Mgat5 exhibited the highest level of population differentiation between Chinese and European rats ( fig. 3B ). Mgat5 participates in the synthesis of galectins, cell-surface ligands involved in T-cell proliferation. Mgat5-knock-out mice display an autoimmune phenotype, and loss of Mgat5 lowers the threshold for T-cells activation (Demetriou et al. 2001 ). We did not observe any nonsynonymous SNP exhibiting high level of population differentiation in Mgat5, suggesting that expressional changes might drive the adaptive evolution of this gene. The window with the second highest level of differentiation contained a single gene, Lyst (fig. 3B ). Mutations in Lyst cause Chediak-Higashi Syndrome in human, a genetic immunodeficiency disease characterized by defective T-cell and natural killer cell cytotoxicity (Trantow et al. 2010) . Six nonsynonymous SNPs in Lyst exhibited high level of population differentiation (F ST >0.6). Further assessments will help clarify their functional consequences. The differentiation of immune genes suggests that wild rats from different regions of the world might differ in their susceptibility to specific pathogens, a hypothesis that needs experimental validation.
In conclusion, this study provides evidence for a southern East Asia origin of the brown rat and two historical migration waves out of its cradle. Wild brown rats dispersed to the Middle East, Europe, and Africa thousands of years ago. Along with the migration, many genes involved in immune response have adaptively evolved under natural selection in wild brown rats.
Materials and Methods

DNA Samples for Genome Sequencing
All animal handling required for this study was carried out in accordance with the animal experimentation guidelines and A total of 117 putative R. norvegicus samples from Russia, China, Southeast Asia, Europe, Africa, and Middle East (supplementary fig. S1 and table S1, Supplementary Material online) were collected for genome sequencing, along with 1 black rat (R. rattus). The species status of putative R. norvegicus individuals was assessed via morphology and cytb sequences by Sanger sequencing.
Genome Sequencing
Tissues for DNA extraction were stored in alcohol at À80 C. A 10-mg sample of genomic DNA (gDNA), prepared using the standard phenol chloroform extraction protocol, was used to construct libraries with a 350 base pair (bp) insertion size. Sequencing libraries were generated using the NEB Next Ultra DNA Library Prep Kit for Illumina (NEB), following the manufacturer's recommendations. Index codes were added to attribute sequences to each sample. DNA was purified using the AMPure XP system (Beckman Coulter, Beverly). Following adenylation of 3 0 ends of DNA fragments, NEB Next Adaptors with hairpin loop structures were ligated to prepare for hybridization. Electrophoresis was then used to select DNA fragments of a specified length, whereas 3 ml of USER enzyme (NEB) was used with size-selected, adaptor-ligated DNA at 37 C for 15 min, followed by 5 min at 95 C prior to PCR. This reaction was carried out using Phusion high-fidelity DNA polymerase, universal PCR primers, and the index primer. Finally, PCR products were purified (AMPure XP system) and their library quality assessed using the Agilent Bioanalyzer 2100 system. Clustering of index-coded samples was performed using a cBot cluster generation system and the HiSeq 2500 PE Cluster Kit (Illumina) following the manufacturer's instructions. Subsequent to cluster generation, library preparations were sequenced using an Illumina HiSeq 2500 platform and 125-bp paired-end reads were generated. However, because raw sequencing data contain numerous low-quality reads with adaptors, we applied filtering strategies to obtain high-quality data. This procedure entailed: 1) Removal of read pairs containing adapters; 2) Removal of read pairs generating a single sequence where the N content is >10% of the read length; and 3) Read pairs generating a single sequence where the number of low-quality bases (i.e., Q < 5) is greater than half the reads.
Read Mapping, SNPs Calling, Filtering, and Imputation After filtering of reads using Btrim (Kong 2011) , qualified reads were mapped onto the reference R. norvegicus genome (rn5) (ENSEMBL version 72) (Gibbs et al. 2004 ) using the program BWA-MEM (Li 2013) . SNPs were detected and filtered using the Genome Analysis Toolkit (GATK) (McKenna et al. 2010) . Duplicate read pairs were first identified using Picard tools (http://picard.sourceforge.net/) before being realigned and recalibrated around putative variants downloaded from dbSNP (ftp://ftp.ncbi.nlm.nih.gov/snp/organisms/rat_ 10116/VCF/). We chose high-quality genotypes by filtering the SNPs data set with QUAL > 30, and removing sites where more than or equal to ten individuals were not called. This criteria (QUAL > 30) narrows the false calling rate of each SNP to <0.1%. Further, since the genome sequences included in our data set were of low depth, we performed ungenotyped marker imputation using the software BEAGLE (Browning and Browning 2009) , after removing triallelic sites and filtering the raw vcf file. We finally generated a total of 24,977,888 autosomal SNPs.
Phylogenetic Relationships and Population Structure Analysis
We constructed a phylogenetic assessment based on the entire SNP data set using neighbor-joining approach via rapidNJ method ( fig. 1A) (Simonsen et al. 2008) . However, taking into account the computation memory demands and possible effects of linkage disequilibrium (LD), we also constructed neighbor-joining or maximum-likelihood (ML) phylogenetic trees that included bootstrap support values (supplementary figs. S2-S5, Supplementary Material online) after thinning SNP data sets by vcftools (Danecek et al. 2011 ) at 50 k (-thin 50,000 parameter and 49,196 SNPs remains), 10 k (-thin 10,000 parameter and 225,012 SNPs remains), and 1 k (-thin 1,000 parameter and 1,628,064 SNPs remains) distances. The trees were constructed using MEGA, raxml, fasttree, and rapidNJ (Simonsen et al. 2008; Price et al. 2010; Stamatakis 2014; Kumar et al. 2016) .
To evaluate the observed phylogenetic branching pattern ( fig. 1A) , we used msms program (Ewing and Hermisson 2010) From the 100 simulations, all northern East Asia samples clustered together as a branch and closer to the root than other samples in the simulated phylogenetic trees. We randomly drew one simulated phylogenetic tree to display as an example (supplementary fig. S10 , Supplementary Material online). This indicates that two migration waves out-ofsouthern East Asia can also cause the observed branching pattern in figure 1A .
In order to understand the relationships between different geographic population, we computed a PCA ( fig. 1B ) using the software GCTA (Yang et al. 2011 ) after pruning the SNPs by plink with -indep-pairwise 50 10 0.1 parameter to get the relatively independent sites (Purcell et al. 2007) . Population structure was then deduced using the software ADMIXTURE (supplementary fig. S6 , Supplementary Material online), a tool for ML estimation of individual ancestries from multi locus SNP genotype data sets (Alexander et al. 2009 ). We evaluated different K values (from 2 to 10). The suitable value of K (K ¼ 5) exhibited a low cross-validation (CV) error compared with other K values.
Outgroup f3 Statistic
To obtain a statistic that is informative of the genetic relatedness between a particular population and each East Asia individual, we implemented the "outgroup f3-statistic" (Patterson et al. 2012; Raghavan et al. 2014) . We used black rat as the outgroup and computed the statistic f3(outgroup; A, B) with non-East Asia(Africa/Europe/Middle East) population as A and each one of the 51 East Asian individuals as B. Non-East Asia population displayed the closest relationship with the southern East Asia rats (supplementary fig. S7 , Supplementary Material online).
Haplotype Sharing Analysis
Haplotype sharing analysis between different populations was performed as described by (Vonholdt et al. 2010) . Here, phased haplotype were inferred using SHAPIT (Delaneau et al. 2013) . The genome was divided into 20-kb nonoverlapping windows for the haplotype analyses. For windows with greater than or equal to five SNPs, we selected a random subset of five SNPs, which were used for all individuals. Windows with fewer than five SNPs were discarded. East Asia was assumed to be the center of origin for the brown rat. Therefore, we assessed the proportion of haplotypes for each local population (Middle East, Europe, and Africa) shared with the two potential ancestral population (northern East Asia, and southern East Asia) following the method described elsewhere (Vonholdt et al. 2010) .
To minimize the effects from difference in population sample sizes, we selected a random subset of 12 individuals from each population for analysis. Specifically, we tabulated the number of haplotypes within a local population that were present in only one of the two East Asia populations (supplementary fig. S8, Supplementary Material online) . For instance, taking the Middle East population to explain the halotype sharing analysis: at a window i, let MN i denote the number of haplotypes present both in Middle East and northern East Asia (but absent from Europe, Africa, and southern East Asia), MS i denote the number of haplotypes present both in Middle East and southern East Asia (but absent from Europe, Africa, and northern East Asia), and let P MN denote the proportion of haplotypes across the genome shared between Middle East and northern East Asia. Then
Calculation of Private Variants and LD Decay Rate of Each Population
We counted the private variants within each of the five populations (supplementary fig. S12 , Supplementary Material online). Considering the genetic background of the five rat populations, we calculated the private variants in two parts: two Asian populations (southern East Asia and northern East Asia) and three non-Asia populations (Europe, Africa, and Middle East). Between the two Asia populations, if a site was polymorphic in southern East Asia, but nonpolymorphic in northern East Asia, we defined the site to be a southern East Asia private variant, and vice versa. Among the three non-Asian populations, if a site was polymorphic in Europe, but nonpolymorphic in both African and Middle East populations, we defined the site to be a Europe private variant, and vice versa.
The linkage disequilibrium value r 2 (supplementary fig. S13 , Supplementary Material online) of all pairwise SNPs within 1000 Kb distance for each population was calculated using PLINK (Purcell et al. 2007 ) with parameters -maf 0.2 -r 2 -ldwindow 9999 -ld-window-r 2 0.2.
Composite Maximum Likelihood Inference for Demographic History of the Brown Rat Based on SFS
In order to calculate the joint SFS (Li and Stephan 2006; Gutenkunst et al. 2009 ), we first filtered raw SNPs with QUAL > 30, and removed sites which were not called in more than ten individuals. The genotypes were then imputed by Beagle. We inferred the ancestral state of each allele using the house mouse reference genome (mm10) (Chiaromonte et al. 2002; Kent et al. 2003; Schwartz et al. 2003) . We only used biallelic SNPs with known ancestral alleles to build the joint SFS. Subsequently, we extracted the joint SFS based on imputed genotypes to infer demographic history by fastsimcoal2 (supplementary fig. S20 , Supplementary Material
Out of Southern East Asia of the Brown Rat Revealed . doi:10.1093/molbev/msx276 MBE online). To avoid bias from imputation, we also compared the SFS before and after genotype imputation, and got very similar SFS (supplementary fig. S21 , Supplementary Material online). We calculated the likelihood function for different demographic scenarios using the software fastsimcoal2 (Excoffier et al. 2013 ). For each scenario, 100,000 coalescent simulations per likelihood estimation (i.e., -n 100,000 -N 100,000) and at least 20 expectation-conditional maximization (ECM) cycles (-l20), up to a maximum of 40 (-L40), were used as the command line parameters for each run. At the same time, to avoid getting stuck on local optimum, 400 runs to 2,000 runs were carried out, whereas the Akaike information criterion (AIC) (Akaike 1974) was used to compare different models. In this case, AIC ¼ 2kÀ2ln(MaxEstLhood), where k is the number of parameters estimated by each model, and MaxEstLhood is the ML function value for each model. Moreover, when searching for a ML value, fastsimcoal2 may reach a local optimum instead of a global optimum. Thus, we repeated each step at least twice, to ensure we were not ending in a local optimum, thereby getting better estimates of the global optimum.
In order to obtain confidence intervals (CIs) for final estimates, 100 independent DNA polymorphism data sets were simulated as joint SFSs conditional on estimated demographic parameters. ML analysis was then applied to each joint SFS over 30 ECM cycles and 30 runs. Overall, 100,000 coalescent simulations were used to calculate likelihoods, giving empirical estimate distributions and 95% CIs.
The 100 simulated polymorphism data sets were further used to generate averaged simulated SFSs and to calculate simulated genetic diversity under the given demographic parameters. We compared the observed SFSs and observed genetic diversity to tell how well our estimation could explain the observed data set (supplementary fig. S20 and table S4, Supplementary Material online).
Because of a large number of parameters to be estimated, and many demographic models to be compared, it is difficult to infer the demographic history of all populations simultaneously. Therefore, we extended our previous approach (Li and Stephan 2006) and introduced an Ancestral-to-Derived Hierarchical Search strategy (supplementary materials and methods and supplementary figs. S14 and S15, Supplementary Material online). This strategy assumes that the newly established derived populations do not affect the demography of the ancestral population. By so doing, we could dramatically reduce the number of models that we had to evaluate (27 vs. 4,375) .
Calculation of Genome-Wide Substitution Rate and Robustness Analysis of Rat and Mouse Generation and Divergence Times
Because substitution rates in the rodent lineage are generally faster than they are in many other mammal lineages (Wu and Li 1985) , we re-estimated the substitution rate based on pairwise alignment between the rat (R. norvegicus, rn5) and house mouse (M. musculus, mm10) reference genomes (Chiaromonte et al. 2002; Kent et al. 2003; Schwartz et al. 2003) . On this basis, a total of 1,720,780,766 sites were included within the alignment, and indels and sites containing ambiguous nucleotides, N, were excluded. Consequently, 257,482,102 substitutions occurred since the divergence between rat and house mouse. The mean divergence time was estimated at $22.6 Ma by TIMETREE (Hedges et al. 2006 (Hedges et al. , 2015 Kumar and Hedges 2011) . Assuming that rats have two generations per year (Ness et al. 2012; Halligan et al. 2013; Deinum et al. 2015) , the estimated genome-wide nucleotide substitution rate (m) was estimated to be 1.655 Â 10 À9 per generation per base pair. For three generations per year (Anderson and Jones 1967) , the estimated substitution rate fell to 1.103 Â 10 À9 , which could be used to evaluate the robustness of our estimated migration times. Evaluation of 47 studies in the TIMETREE (Hedges et al. 2006 (Hedges et al. , 2015 Kumar and Hedges 2011) showed that estimated divergence times between rat and mouse varied (supplementary table S13, Supplementary Material online). Therefore, we also re-estimated introduction times using rat-mouse divergence times ranging between 15 Ma (m ¼ 2.494Â 10 À9) and 30 Ma (m ¼ 1.247Â 10
À9
).
Analysis of Positive Selection Signatures
F ST value were calculated as described previously for each SNP (Akey et al. 2002) . Sliding window analysis was performed with a window size of 100 kb, and a step size of 50 kb. F ST value for each sliding window was calculated by averaging the values of all SNPs in the window. We employed an outlier approach based on genome-wide empirical data to retrieve the top 1% of windows showing high-level F ST values, indicating candidate regions under positive selection.
Analysis of Functional Term Enrichment
We performed GO analysis of protein-coding genes using the online annotation tool g: Profiler, whereas P values were corrected using the Benjamini-Hochberg FDR (Reimand et al. 2011) .
Accession Number
All the sequences reported in this study are deposited in the Genome Sequence Archive database, http://gsa.big.ac.cn/) under Accession ID (PRJCA000251).
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Supplementary data are available at Molecular Biology and Evolution online.
